An educational building is a kind of public building with a high density of occupants and high energy consumption. Energy-saving technology utilization is an effective measure to achieve high-performance buildings. However, numerous studies are greatly limited to practical application due to their strong regional pertinence and technical simplicity. This paper aims to further optimize various commonly used technologies on the basis of the current national standards, and to individually establish four recommended technology selection systems corresponding to four major climatic regions for realizing nearly zero energy educational buildings (nZEEBs) in China. An educational building was selected as the case study. An evaluation index of energy-saving contribution rate (ECR) was proposed for measuring the energy efficiency of each technology. Thereafter, high energy efficiency technologies were selected and implemented together in the four basic cases representing different climatic regions. The results showed that the total energy-saving rate in severe cold regions increased by 70.74% compared with current national standards, and about 60% of the total energy-saving rate can be improved in cold regions. However, to realize nZEEBs in hot summer and cold winter regions as well as in hot summer and warm winter regions, photovoltaic (PV) technology needs to be further supplemented.
Introduction
Building energy consumption accounts for almost 40% of the primary energy in the United States or Europe, and nearly 30% in China [1] [2] [3] . To reduce the consumption of building primary energy and achieve sustainable development, many countries, organizations, and associations have successively formulated plenty of energy-saving politics and goals. In the United States, new building energy codes released by the energy department in 2016 promote more than 30% energy savings compared to the codes from a decade ago [4, 5] . The European Union updated the "Energy Efficiency Guidelines for Buildings" (EPBD) in 2010, requiring all new buildings to meet "nearly zero" energy requirements after 31 December 2018 [6] . Sweden set a target to achieve 20% and 50% of building energy savings by 2020 and 2050, respectively, compared with 1995 levels [7] . The Belgian regions are (considering) raising energy performance levels (and the current implementation of EPBD) to "low energy" or "near zero energy" levels [8] . The Danish Building Regulations (BR) has set a goal of saving 25% of the energy use by 2010, 50% by 2015, and 75% by 2020 for all new buildings compared with 2006 standard levels [9] .
To achieve these goals of very low or nearly zero energy consumption in the building section, an innovative concept of nearly zero energy buildings (nZEBs) representing high-performance buildings was proposed [9, 10] . The nZEB refers to the low energy consumption of buildings by adopting energy-saving technologies or renewable energy measures [11, 12] . A great number of studies have been conducted on energy-saving technologies. The building envelope is in direct contact with the external environment. Ascione et al. [13] found that the heat losses through the external envelope account for approximately 70% of the overall heat losses in buildings. Therefore, improving the performance of the building envelope is significant to optimize the building energy-saving design. Wang et al. [14] discussed the influence of external walls and roofs with different heat transfer coefficient (U-value) on building energy consumption, and found that appropriate improvement of envelope performance had significant energy-saving effect on building energy conservation. Touloupaki et al. [15] optimized the insulation thickness of the external envelope to determine the optimal insulation thickness by measuring the primary energy demand and cost of the building, and they found that the U-value of the building elements decrease and cause highest energy savings (75%) before 11-15 cm of insulation. Windows are a special kind of component whose overall U-value is normally five times greater than that of other components of a building's envelope, and responsible for as much as 60% of the total energy consumption of a building [16] . Alam et al. [17] have pointed out that, nowadays, it is possible to reduce energy consumption of the window by using high-performance windows and glazing systems, such as double or triple glazing, insulating gas sandwiched between panes, etc. Hassouneh et al. [18] studied eight types of glass and found the most suitable type of glass for each direction. Through a case study, they showed that energy-saving windows can save more energy and reduce heating load in winter. Besides, Kirimtat et al. [19] thought shading system of the window is one of the most common strategies to improve facade performance for designers, and adjustable shading devices are a common choice for low energy consumption buildings [20] . Palmero-Marrero et al. [21] investigated the effect of louver shading devices applied to different facades of a building, and the results showed that a large amount of energy can be saved by using louver shading devices. Liu et al. [22] surveyed different shading panel configurations, including length, number, and angle, for typical public rental housing buildings in Hong Kong. The results showed an energy-saving potential up to 8.0% when shading panels are applied to flats with westward-facing facades. Gago et al. [23] found the electricity consumption of lighting and cooling in the European Union can be greatly reduced by appropriate lighting control measure. Boyano et al. [24] found that installing partial or total lighting control to reduce the equivalent operating time can result in total energy savings of up to 18% (for partial lighting control) or 36% (for total lighting control). Nowadays, with the improvement of air tightness of the room, the amount of infiltration air through the building decreases. Therefore, the demand for introducing outdoor fresh air into the room by mechanical means increases. The ventilation load accounts for 20-50% of heating demand in new and refurbished buildings [25] [26] [27] [28] [29] . To reduce the energy consumption of fresh air treatment, more and more buildings in China use air heat exchangers [30] . Roulet et al. [26] addressed real energy recovery with air handling units from a theoretical point of view and presented results of measurements on 13 units and Kang et al. [31] analyzed the applicability of heat recovery ventilators in supermarkets of the four climate zones, and the results showed that the latent heat recovery is not suitable for ventilation energy savings in all the four climate zones. In addition, Dell'Osso et al. [32] also studied natural ventilation as a low-cost passive strategy which realizes the exchange of indoor and outdoor air by pressure or temperature differences to achieve thermal comfort and energy savings. Renewable energy plays a crucial role for nZEBs, which can be used to minimize the primary energy consumption or offset the remaining energy needs [33, 34] . Concentrated solar photovoltaic (PV) and enhanced geothermal energy are regarded as renewable technologies with high potential as suitable substitutes for fossil fuels [35] . Good et al. [36] studied different solar energy solutions for a Norwegian residential building and compared separate PV, solar thermal systems, and hybrid photovoltaic-thermal systems. The results showed that the building with only high-efficiency PV modules comes closest to reaching a zero energy balance. Wu et al. [37] found that ground source heat pump (GSHP) used less energy than the air source heat pump (ASHP) Energies 2019, 12, 4734 3 of 31 in 11 out of 15 zones across the United States, particularly in cold climate zones like Chicago through Duluth, where savings ranged from 24.3% to 39.2%.
The application of various energy-saving technologies to building is not a process of blind selection. To achieve efficient energy savings, the study on the optimization design of single technology is indispensable. Ascione et al. [38] analyzed the effects of earth-to-air heat exchanger with different design air flow rate for nZEB in Mediterranean climate, and concluded that earth-to-air heat exchanger with the maximum air flow rate in summer and minimum air flow rate in winter can realize the best energy-saving effect. Raji et al. [39] optimized the envelope design solutions for office buildings in temperate climate. The results showed that about 42% energy can be saved by the office building designed with high-performance envelope. In addition, the optimization on high-performance office building facades also has been done by Pikas et al. [40] and Wang et al. [14] , and their research results all indicated that the high-performance envelope has an important contribution to building energy conservation. Through dynamic monitoring, Rey-Hernandez et al. [41] analyzed the role of renewable energy (photovoltaic system, earth-to-air heat exchanger, biomass boiler) in buildings and the applicability of these energy efficiency policies in the construction of nZEBs. In the same year, Rey-Hernandez et al. [42] used DesignBuilder to analyze and design solar photovoltaic systems, biomass and earth-air heat exchanger to meet the needs of electricity, cooling and heating, so as to achieve nZEB energy balance. Fernández Hernánde et al. [43] discussed how to achieve a good balance of daylight, energy consumption, and comfort by adopting proper types of windows, shading, and lighting controls.
Most technical optimization research on nZEB is based on case studies. Some case studies on nZEB in recent years are summarized in Table 1 . It shows quite a few studies examining residential and office buildings, while there is little research on nZEB concerning educational buildings. Therefore, it is urgent to explore the optimization design scheme of various energy-saving technologies for nearly zero energy educational buildings (nZEEBs). Moreover, regarding the relevant literature, these studies tend to focus on a certain type of energy-saving technology or be combined with several technologies to realize nZEBs, and most of them only analyzed within a single climatic region, which limits the practical application of the obtained conclusions. The definition of nZEB is mainly related to energy saving [5] . Therefore, this paper aims to optimize the design of various energy-saving technologies based on the current national standards under the consideration of appropriate indoor comfort range and mainly from the perspective of energy saving, and to establish four recommended technology selection systems corresponding to four major climatic regions, respectively, to achieve the goal of nZEEB. An educational building was selected as the case study to optimize the various technologies in four major climatic regions in China. The paper is organized as follows. In Section 2.1, the case study model was established and validated, and the energy consumption of the base case under four climatic regions was given. The evaluation index is introduced in Section 2.2. The optimization process, results and the establishment of the recommended technology selection system for each climatic region are described in Section 3. The evaluation of various energy-saving technologies is discussed in Section 4. Conclusions are summarized in Section 5. 
Methodology
A design strategy for nZEBs is to apply energy efficiency measures to minimize energy consumption in buildings and adopt renewable energy and other technologies to meet the remaining energy needs [11, 33] . This paper further optimized various universal energy-saving technologies on the basis of the existing national building energy conservation design standards, and aims to give the recommended technology and technical parameters for realizing nZEEBs in China. Combined with the study case of an educational building, three passive technologies including high-performance enclosure structure, shading, and natural ventilation; active technologies involving light control and air-to-air heat recovery; and renewable technology of ground source heat pump (GSHP) were firstly optimized one by one to minimize the energy consumption. An evaluation index of the energy-saving contribution rate (ECR) is proposed to measure the energy efficiency of different technologies. The total energy-saving rate can then be obtained by jointly implementing the technologies with high energy efficiency in one case Energies 2019, 12, 4734 5 of 31 building, so as to judge whether the nZEB level has been reached. If not, PV technology will be further considered to compensate for the remaining energy needs. Finally, four recommended technology selection systems individually corresponding to four typical climatic regions were established for realizing nZEEB in China.
Case Study

Building Description
A three-star green educational building is located at Tianjin University in China. Its main functional area is 35 classrooms without laboratories, and was selected as the case study, as shown in Figure 1 . The entire building is divided into two parts: north and south. There are three floors in the south, each 4.5 m high, and two floors in the north, each 6.75 m high. The two parts are connected by a split-level connection. The total area of the building is 11,048 m 2 , and the S/V (surface to volume) ratio is 0.18 m −1 .
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Case Study
Building Description
A three-star green educational building is located at Tianjin University in China. Its main functional area is 35 classrooms without laboratories, and was selected as the case study, as shown in Figure 1 . The entire building is divided into two parts: north and south. There are three floors in the south, each 4.5 m high, and two floors in the north, each 6.75 m high. The two parts are connected by a split-level connection. The total area of the building is 11,048 m², and the S/V (surface to volume) ratio is 0.18 m −1 . The exterior wall adopts aerated concrete block and rock wool is used as the exterior insulation material, the roof is installed with expanded polystyrene board (EPS) as the exterior insulation material, the window glazing type is 6 mm + 12 mm Air + 6 mm low emissivity (6 + 12A + 6 Low-E) insulating glass. The WWRs of east, west, south and north are 0.13, 0.15, 0.34, and 0.43, respectively. The energy of heating and cooling is supplied by the campus energy station and the heating and cooling source is GSHP, with a cooling performance coefficient of 5.1 and a heating performance coefficient of 4.6. The room thermostat setpoint temperature was 26 • C in summer (June 1 to September 30) and 20 • C in winter (November 15 to March 15). More detailed building information, including indoor design parameters and component parameters, is shown in Tables 2 and 3. The building was mainly occupied from 7:00 to 18:00. In order to obtain the realistic operation conditions of the building, the density of occupants, office equipment, and lighting were collected, as shown in Table 4 . [49] . The biggest drawback is that EnergyPlus is a parametric interface with poor visualization. DesignBuilder (DB) is one of the most comprehensive user interfaces for the EnergyPlus dynamic thermal simulation engine [45] and can provide detailed building energy performance information. The modeling process in DB follows a block made up of zones and zones made up of sites. Input parameters involve building information, air conditioning system information, usage information (Section 2.1.1), and typical meteorological year weather data. The model of the case study was established in DB, as shown in Figure 2 . Model verification is an essential link to ensure the model built is proper and the further simulation results are credible. Parameters for model validation can be energy consumption, indoor temperature, cooling or heating load, etc. Hourly, daily, or monthly data can be used for model verification [45, 50, 51] . ANSI/ASHRAE Standard 14-2014 [52] is widely accepted to evaluate the accuracy of modeling, in which normalized mean bias error (NMBE) and coefficient of variation of the root mean square error (CVRMSE) are introduced. Detailed expressions are presented as Equations (1) and (2) [52] . ASHRAE Guideline 14-2014 suggests that models are declared to be reliable if the NMBE is within 10% and CVRMSE is within 30% when using hourly data, and they are 5% and 15% respectively with monthly data [52] . Model verification is an essential link to ensure the model built is proper and the further simulation results are credible. Parameters for model validation can be energy consumption, indoor temperature, cooling or heating load, etc. Hourly, daily, or monthly data can be used for model verification [45, 50, 51] . ANSI/ASHRAE Standard 14-2014 [52] is widely accepted to evaluate the accuracy of modeling, in which normalized mean bias error (NMBE) and coefficient of variation of the root mean square error (CVRMSE) are introduced. Detailed expressions are presented as Equations (1) and (2) [52] . ASHRAE Guideline 14-2014 suggests that models are declared to be reliable if the NMBE is within 10% and CVRMSE is within 30% when using hourly data, and they are 5% and 15% respectively with monthly data [52] .
where E si is the simulated data; E mi is the measured data, E m is the average value of measured data; n is the number of days in this paper; p = 1.
Since there is no real-time recording and storage function for the onsite electricity meter, the data of model verification are recorded by the author in the field. The collected data were daily electricity energy consumption, including lighting, office equipment, and HVAC (heating or cooling), for seven days in winter (18-22, 26, and 27 December 2018) and four days in summer (26-29 June 2018) . The actual building energy consumption data and the simulation data from DB are compared, as shown in Figure 3 . Based on Equations (1) and (2), the NMBE and CVRMSE are 3.5% (<5%) and 9.5% (<15%), respectively. Therefore, it is more reasonable to firmly believe that the model established in DB is in good agreement with the actual building. simulation results are credible. Parameters for model validation can be energy consumption, indoor temperature, cooling or heating load, etc. Hourly, daily, or monthly data can be used for model verification [45, 50, 51] . ANSI/ASHRAE Standard 14-2014 [52] is widely accepted to evaluate the accuracy of modeling, in which normalized mean bias error (NMBE) and coefficient of variation of the root mean square error (CVRMSE) are introduced. Detailed expressions are presented as Equations (1) and (2) [52] . ASHRAE Guideline 14-2014 suggests that models are declared to be reliable if the NMBE is within 10% and CVRMSE is within 30% when using hourly data, and they are 5% and 15% respectively with monthly data [52] .
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Since there is no real-time recording and storage function for the onsite electricity meter, the data of model verification are recorded by the author in the field. The collected data were daily electricity energy consumption, including lighting, office equipment, and HVAC (heating or cooling), for seven days in winter (18-22, 26, and 27 December 2018) and four days in summer (26-29 June 2018). The actual building energy consumption data and the simulation data from DB are compared, as shown in Figure 3 . Based on Equations (1) and (2) , the NMBE and CVRMSE are 3.5% (<5%) and 9.5% (<15%), respectively. Therefore, it is more reasonable to firmly believe that the model established in DB is in good agreement with the actual building. 
Base Models in Four Cities
There are five climatic regions in China: severe cold (SC), cold climate (CC), hot summer and cold winter (HS/CW), hot summer and warm winter (HS/WW), and mild climate (MC). The climate characteristics are given in Table 5 . The average annual air temperature in MC region is relatively suitable and stable, and the demand for air conditioning is relatively small. Therefore, MC region is not considered in this paper. Harbin, Tianjin, Shanghai, and Guangzhou were chosen to represent SC, CC, HS/CW, and HS/WW regions, respectively. The design parameters of the base model under four climatic regions are consistent with current national energy-saving design standards [53] [54] [55] as shown in Table 6 . The density of occupant, equipment, and lighting reflects the actual operation of educational building. The parameter settings are given in Table 4 .
Building total energy simulation results include HVAC (heating and cooling) energy consumption, lighting, and office equipment energy consumption. According to some studies [56, 57] , the coefficient of conversion of electricity energy into primary energy is 0.36, and the coefficient of conversion of gas into primary energy is 1. Figure 4a shows the monthly total primary energy consumption, including the primary energy consumption of HVAC, lighting, and office equipment; Figure 4b shows the monthly primary energy consumption of HVAC in cooling season and Figure 4c shows the monthly primary energy consumption of HVAC in heating season. The cooling primary energy consumption of HVAC in Guangzhou and Shanghai is greater than that of Harbin and Tianjin, and the large cooling energy consumption of HVAC was generated in June for the four cities ( Figure 4b ).
In Harbin and Tianjin, the heating primary energy consumption of HVAC dominates the total energy consumption, and the peak of heating energy consumption of HVAC appears in December (Figure 4c ). Due to summer and winter vacation for educational buildings, the energy consumption of educational buildings in August and February is relatively lower. The total primary energy consumption in four climatic cities is 180, 133, 117, and 169 kWh/(m 2 ·a). The primary energy consumption requirements of non-residential buildings with near-zero energy consumption in EU countries are within the range of 0-270 kWh/(m 2 ·a) [58] . In Denmark's "Building Regulations 2020", the energy demand of low-energy buildings is stipulated to be less than 25 kWh/(m 2 ·a) [59] , although the primary energy consumption per unit area of the four typical climatic buildings are all in the range of 0-270 kWh/(m 2 ·a), due to the energy use habits between different countries, climate characteristics, and the unique operation cycle of the educational building itself. Therefore, targeted energy-saving solutions should be studied and discussed. Building total energy simulation results include HVAC (heating and cooling) energy consumption, lighting, and office equipment energy consumption. According to some studies [56, 57] , the coefficient of conversion of electricity energy into primary energy is 0.36, and the coefficient of conversion of gas into primary energy is 1. Figure 4a shows the monthly total primary energy consumption, including the primary energy consumption of HVAC, lighting, and office equipment; Figure 4b shows the monthly primary energy consumption of HVAC in cooling season and Figure  4c shows the monthly primary energy consumption of HVAC in heating season. The cooling primary energy consumption of HVAC in Guangzhou and Shanghai is greater than that of Harbin and Tianjin, and the large cooling energy consumption of HVAC was generated in June for the four cities ( Figure  4b ). In Harbin and Tianjin, the heating primary energy consumption of HVAC dominates the total energy consumption, and the peak of heating energy consumption of HVAC appears in December ( Figure 4c ). Due to summer and winter vacation for educational buildings, the energy consumption of educational buildings in August and February is relatively lower. The total primary energy consumption in four climatic cities is 180, 133, 117, and 169 kWh/(m²·a). The primary energy consumption requirements of non-residential buildings with near-zero energy consumption in EU countries are within the range of 0-270 kWh/(m²·a) [58] . In Denmark's "Building Regulations 2020", the energy demand of low-energy buildings is stipulated to be less than 25 kWh/(m²·a) [59] , although the primary energy consumption per unit area of the four typical climatic buildings are all in the range of 0-270 kWh/(m²·a), due to the energy use habits between different countries, climate characteristics, and the unique operation cycle of the educational building itself. Therefore, targeted energy-saving solutions should be studied and discussed. 
Evaluation Index and Weight Calculation Method
ECR is proposed as an index for quantitative analysis of energy efficiency of energy-saving technology. It is defined as the ratio of the reduction or increase of primary energy consumption to the primary energy consumption of the base case. The detailed expression of ECR is shown as
where is energy-saving contribution rate, represents the building primary energy consumption after the technology is used (kWh/(m²·a)), and is the building primary energy consumption of benchmark building, which is designed in accordance with national design standards (kWh/(m²·a)).
Weight reflects the relative importance between different factors. In practical application, the method of ignoring low-weight influencing factors is often adopted, which not only ensures little influence on the final conclusion, but also simplifies the problem handling or brings convenience. Based on the weight of the ECR, the recommended selection techniques for each of the four climate regions can be determined. The mathematical formula of weight is shown as Equation (4). 
ECR is proposed as an index for quantitative analysis of energy efficiency of energy-saving technology. It is defined as the ratio of the reduction or increase of primary energy consumption to the primary energy consumption of the base case. The detailed expression of ECR is shown as Equation (3).
where ECR is energy-saving contribution rate, Q n represents the building primary energy consumption after the technology is used (kWh/(m 2 ·a)), and Q 0 is the building primary energy consumption of benchmark building, which is designed in accordance with national design standards (kWh/(m 2 ·a)).
Weight reflects the relative importance between different factors. In practical application, the method of ignoring low-weight influencing factors is often adopted, which not only ensures little influence on the final conclusion, but also simplifies the problem handling or brings convenience. Based on the weight of the ECR, the recommended selection techniques for each of the four climate regions can be determined. The mathematical formula of weight is shown as Equation (4). where ECR i is the ECR of each technology; ECR * i is the weight of each technology; n is equal to 6 in this paper.
Analysis and Results
Passive Energy-Saving Technologies
High-Performance Envelope
Poor performance of building envelope is a barrier to building energy savings and comfortable indoor environments. Hence, improving envelope performance is deemed as the first and key step of nZEB design [33, 60] . As an important part of a building envelope, the performance of exterior wall is directly related to the outdoor environment and energy consumption. The method to improve the performance of exterior walls is to optimize its U-value, which can be realized by the type of insulation material and the thickness of the insulation layer. The insulation material of exterior walls is a rock wool board in this paper, which is a kind of high efficiency insulation material with small thermal conductivity, light weight, low moisture absorption, and is widely used in China. The insulation thickness of the four basic models was set according to the U-value (Table 6 ) corresponding to the four climatic regions required by the national design standards. The optimization process is to reduce the U-value of external walls by increasing the thickness of the insulation layer in appropriate steps, to make it conform to the requirements of high-performance envelope in "Technical Guidelines for Passive Ultra-Low-Energy Green Buildings" ("Guidelines 2015") [61] .
The cooling, heating primary energy consumption of HVAC and total primary energy consumption with different U-value of external walls in four climatic regions are shown in Figure 5 . The column diagram represents the primary heating or cooling energy consumption of HVAC, corresponding to the left axis label, and the green line graph represents total primary energy consumption, including the primary energy consumption of HVAC, lighting, and office equipment, and corresponds to the right axis data label. In Harbin, Tianjin, and Shanghai, there is a clear negative correlation between energy savings and the U-value of external walls. Furthermore, heating primary energy consumption is greatly reduced, and cooling primary energy consumption remains basically unchanged. It can be concluded that the impact of U-value of exterior walls mainly on heating energy consumption and the external walls with low U-value for SC, CC and HS/CW regions is an effective measure for building energy conservation. As can be seen in Figure 5 , when the U-value of exterior wall in SC region is 0.129 W/(m 2 ·K) it has, on the one hand, met the standard requirements of "Technical Guidelines for Passive Ultra-Low-Energy Green Buildings"; on the other hand, the rate of ECR has changed very little with the increase in U-value. For the same reason, the U-value of CC and HS/WC regions can be determined as 0.139, and 0.211 W/(m 2 ·K), and in that condition, the ECR of exterior wall in SC, CC and HS/CW regions is 5.2%, 4.3%, and 0.6%, respectively. However, the low U-value of external walls in Guangzhou prevents heat dissipation in summer, causing the indoor temperature to be too high. The cooling and total energy consumption increase slightly with the decrease of U-value of external walls, which means this technology should be carefully chosen in HS/WW region, and this conclusion is also supported by [14] . The roof is another part of the building envelope, and the optimization analysis method is similar to the exterior walls. The insulation material of roof in the base case is EPS, which is also the most mature thermal insulation system in China. The energy consumption of different insulation thickness is shown in Figure 6 . The energy savings increase when the performance of roof improves in Harbin, Tianjin, and Shanghai, showing that a roof with lower U-value is also a positive energy conservation choice for SC, CC, and HS/WC regions. Same as the method for determining the recommended parameters for external walls, when the U-value of roof in SC, CC, and HS/CW regions are 0.154, 0.174, and 0.211 W/(m²·K), they meet the standards of "Technical Guidelines for Passive Ultra-Low-Energy Green Buildings", and the change rate of ECR is very small with the increase in U-value. In the HS/WW region, the energy-saving effect is reduced when the insulation of the roof is increased, so the conclusions of improving the thermal characteristics of roof in four climatic regions are similar to that of exterior walls. The roof is another part of the building envelope, and the optimization analysis method is similar to the exterior walls. The insulation material of roof in the base case is EPS, which is also the most mature thermal insulation system in China. The energy consumption of different insulation thickness is shown in Figure 6 . The energy savings increase when the performance of roof improves in Harbin, Tianjin, and Shanghai, showing that a roof with lower U-value is also a positive energy conservation choice for SC, CC, and HS/WC regions. Same as the method for determining the recommended parameters for external walls, when the U-value of roof in SC, CC, and HS/CW regions are 0.154, 0.174, and 0.211 W/(m 2 ·K), they meet the standards of "Technical Guidelines for Passive Ultra-Low-Energy Green Buildings", and the change rate of ECR is very small with the increase in U-value. In the HS/WW region, the energy-saving effect is reduced when the insulation of the roof is increased, so the conclusions of improving the thermal characteristics of roof in four climatic regions are similar to that of exterior walls.
Window performance parameters that affect the energy consumption of buildings mainly include the U-value of windows and solar heat gain coefficient (SHGC). The number of glass layers, the type of gas filled, and the thickness of glass are the key factors in the design of windows. Six common window glass configurations in China were studied in this paper, and the detailed structures and the thermal characters of windows are shown in Table 7 . It can be seen in Table 7 that the U-value of windows decreases from GL1 to GL6, and SHGC also weakens except in the case of GL3. Table 7 . It can be seen in Table 7 that the U-value of windows decreases from GL1 to GL6, and SHGC also weakens except in the case of GL3. The energy consumption of the six windows in four cities is shown in Figure 7 . The ECR increases successively from GL1 to GL6 in Harbin and Tianjin. However, there is no apparent relationship between energy consumption, U-value, and SHGC in Shanghai and Guangzhou. It can be explained that low a U-value led to less heat transfer through windows, low SHGC results in poor solar radiation received, and the total energy savings of windows was realized under the joint action of these two mutually restricting factors. As can be seen in Figure 7 , the energy savings are mainly realized by the heating energy consumption reduction for SC and CC regions, illustrating that the influence of U-value is larger than that of SHGC for SC and CC regions. Due to high outdoor The energy consumption of the six windows in four cities is shown in Figure 7 . The ECR increases successively from GL1 to GL6 in Harbin and Tianjin. However, there is no apparent relationship between energy consumption, U-value, and SHGC in Shanghai and Guangzhou. It can be explained that low a U-value led to less heat transfer through windows, low SHGC results in poor solar radiation received, and the total energy savings of windows was realized under the joint action of these two mutually restricting factors. As can be seen in Figure 7 , the energy savings are mainly realized by the heating energy consumption reduction for SC and CC regions, illustrating that the influence of U-value is larger than that of SHGC for SC and CC regions. Due to high outdoor temperature during the summer in HS/WW regions, windows with low U-value have a tendency for indoor heat accumulation. Although low SHGC reduces the solar radiation entering the room and plays a positive effect in reducing the energy consumption, it should be noted that the energy-saving effect of SHGC is not obvious compared with other types of buildings due to the summer vacation. Therefore, no remarkable energy savings emerge for any of the windows in the HS/WW region. In summary, GL6 is more recommended for SC, CC, and HS/CW regions. As for the HS/WW region, adopting the configuration is still suggested in the base case, which is designed in conformity with the existing national standard (GB 50189-2015).
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Shading
Shading is a measure to be considered in passive design. Proper shading can help to sustain indoor illumination, avoid glare, improve thermal comfort and reduce the solar heat gains in summer [47] . The effect of shading on energy and thermal factors is influenced by various aspects, such as the climate, seasons, and building functions [48] . Building orientation is also a non-negligible factor. Weather Tool software is a subtool of Ecotect and was chosen to identify the best orientation for four cities. The results can be viewed in Figure 8 . The yellow lines represent the best orientation in four cities. The results are east by south 82.5° in Harbin, east by south 50° in Tianjin, east by south 60° in Shanghai, and east by south 85° in Guangzhou. In China, northward windows are only exposed to the sun during a short time of sunrise and sunset in summer, and the received radiation is the scattered radiation from the sun with a small radiation value. Therefore, this paper mainly analyzed the energy savings of shading southward windows. Adjustable louvers were selected as the external shading device, which can be automatically adjusted according to the sun height angle and outdoor weather conditions. The specific schedule for effective shading varies in different regions due to geographic latitudes and comfort requirement. In order to analyze the effective time of taking shading measures, the Climate Consultant software [62] was used for analysis, which is a kind of chart analysis software based on enthalpy and humidity map, integrated with human thermal comfort and meteorological parameters. It can show the effectiveness of different passive design 
Shading is a measure to be considered in passive design. Proper shading can help to sustain indoor illumination, avoid glare, improve thermal comfort and reduce the solar heat gains in summer [47] . The effect of shading on energy and thermal factors is influenced by various aspects, such as the climate, seasons, and building functions [48] . Building orientation is also a non-negligible factor. Weather Tool software is a subtool of Ecotect and was chosen to identify the best orientation for four cities. The results can be viewed in Figure 8 . The yellow lines represent the best orientation in four cities. The results are east by south 82.5 • in Harbin, east by south 50 • in Tianjin, east by south 60 • in Shanghai, and east by south 85 • in Guangzhou. In China, northward windows are only exposed to the sun during a short time of sunrise and sunset in summer, and the received radiation is the scattered radiation from the sun with a small radiation value. Therefore, this paper mainly analyzed the energy savings of shading southward windows. Adjustable louvers were selected as the external shading device, which can be automatically adjusted according to the sun height angle and outdoor weather conditions. The specific schedule for effective shading varies in different regions due to geographic latitudes and comfort requirement. In order to analyze the effective time of taking shading measures, the Climate Consultant software [62] was used for analysis, which is a kind of chart analysis software based on enthalpy and humidity map, integrated with human thermal comfort and meteorological parameters. It can show the effectiveness of different passive design strategies. the ratio of effective shading operation time (h) to 8760 h is taken as the effectiveness evaluation index [54] . The California Energy Code Comfort Model was adopted in this paper as the thermal comfort judgment model. According to the monthly statistics, the monthly effective shading index is obtained, as shown in Figure 9 . The month with the monthly effectiveness index above 10% is adopted as the operation month schedule of shading. It can be found that the effective time for shading in Harbin is from May to August, in Tianjin and Shanghai is from May to September, and in Guangzhou is from May to October. The obtained results were set in the shading operation schedule of DesignBuilder, and the energy-saving effect of shading measures can be obtained. strategies. the ratio of effective shading operation time (h) to 8760 h is taken as the effectiveness evaluation index [54] . The California Energy Code Comfort Model was adopted in this paper as the thermal comfort judgment model. According to the monthly statistics, the monthly effective shading index is obtained, as shown in Figure 9 . The month with the monthly effectiveness index above 10% is adopted as the operation month schedule of shading. It can be found that the effective time for shading in Harbin is from May to August, in Tianjin and Shanghai is from May to September, and in Guangzhou is from May to October. The obtained results were set in the shading operation schedule of DesignBuilder, and the energy-saving effect of shading measures can be obtained. strategies. the ratio of effective shading operation time (h) to 8760 h is taken as the effectiveness evaluation index [54] . The California Energy Code Comfort Model was adopted in this paper as the thermal comfort judgment model. According to the monthly statistics, the monthly effective shading index is obtained, as shown in Figure 9 . The month with the monthly effectiveness index above 10% is adopted as the operation month schedule of shading. It can be found that the effective time for shading in Harbin is from May to August, in Tianjin and Shanghai is from May to September, and in Guangzhou is from May to October. The obtained results were set in the shading operation schedule of DesignBuilder, and the energy-saving effect of shading measures can be obtained. Figure 10 shows the energy consumption in shading case and base case in four cities. The ECR of shading in four cities was 0.40%, 0.80%, 3.2%, and 4.1%. Adjustable louvers combined with reasonable control measures ensures the increase of heating energy consumption within 0.4 kWh/(m 2 ·a), and about 1.4%, 3.5%, 7.6%, and 6.8% cooling energy can be saved by shading in each of the four cities. It can be found in Figure 10 that the energy-saving effect gradually improves from SC region to HS/WW region, which is consistent with the change of solar radiation intensity [63] . Therefore, adjustable louver with reasonable shading control strategy can help to avoid the intensification of energy consumption of heating, which plays a significant role in highly efficient buildings.
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Natural Ventilation
The hall of the educational buildings creates a good condition for natural ventilation [64] , which can be realized by taking advantage of the density difference caused by different indoor and outdoor temperatures. The effective schedule of natural ventilation mainly depends on the outdoor conditions, and the monthly effectiveness of natural ventilation was analyzed by Climate Consultant software, as shown in Figure 11 . Like the shading effectiveness evaluation index, the ratio of the effective operation time (h) of monthly natural ventilation to 8760 h is taken as the effectiveness index of monthly natural ventilation. The month with the monthly effectiveness index above 10% is adopted as the operation month schedule of natural ventilation. The effective schedule of natural ventilation in Harbin and Tianjin is mainly in June, July, and August, whereas it is mainly in the Figure 10 shows the energy consumption in shading case and base case in four cities. The ECR of shading in four cities was 0.40%, 0.80%, 3.2%, and 4.1%. Adjustable louvers combined with reasonable control measures ensures the increase of heating energy consumption within 0.4 kWh/(m 2 ·a), and about 1.4%, 3.5%, 7.6%, and 6.8% cooling energy can be saved by shading in each of the four cities. It can be found in Figure 10 that the energy-saving effect gradually improves from SC region to HS/WW region, which is consistent with the change of solar radiation intensity [63] . Therefore, adjustable louver with reasonable shading control strategy can help to avoid the intensification of energy consumption of heating, which plays a significant role in highly efficient buildings. Figure 10 shows the energy consumption in shading case and base case in four cities. The ECR of shading in four cities was 0.40%, 0.80%, 3.2%, and 4.1%. Adjustable louvers combined with reasonable control measures ensures the increase of heating energy consumption within 0.4 kWh/(m 2 ·a), and about 1.4%, 3.5%, 7.6%, and 6.8% cooling energy can be saved by shading in each of the four cities. It can be found in Figure 10 that the energy-saving effect gradually improves from SC region to HS/WW region, which is consistent with the change of solar radiation intensity [63] . Therefore, adjustable louver with reasonable shading control strategy can help to avoid the intensification of energy consumption of heating, which plays a significant role in highly efficient buildings.
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Natural Ventilation
The hall of the educational buildings creates a good condition for natural ventilation [64] , which can be realized by taking advantage of the density difference caused by different indoor and outdoor temperatures. The effective schedule of natural ventilation mainly depends on the outdoor conditions, and the monthly effectiveness of natural ventilation was analyzed by Climate Consultant software, as shown in Figure 11 . Like the shading effectiveness evaluation index, the ratio of the effective operation time (h) of monthly natural ventilation to 8760 h is taken as the effectiveness index of monthly natural ventilation. The month with the monthly effectiveness index above 10% is adopted as the operation month schedule of natural ventilation. The effective schedule of natural ventilation in Harbin and Tianjin is mainly in June, July, and August, whereas it is mainly in the 
The hall of the educational buildings creates a good condition for natural ventilation [64] , which can be realized by taking advantage of the density difference caused by different indoor and outdoor temperatures. The effective schedule of natural ventilation mainly depends on the outdoor conditions, and the monthly effectiveness of natural ventilation was analyzed by Climate Consultant software, as shown in Figure 11 . Like the shading effectiveness evaluation index, the ratio of the effective operation time (h) of monthly natural ventilation to 8760 h is taken as the effectiveness index of monthly natural ventilation. The month with the monthly effectiveness index above 10% is adopted as the operation month schedule of natural ventilation. The effective schedule of natural ventilation in Harbin and Tianjin is mainly in June, July, and August, whereas it is mainly in the transition season in Shanghai and Guangzhou, which is because the outdoor temperature during June, July, and August is much higher in the south than that in the north. The occupancy rate of the classroom is high during the day, and it is difficult to maintain a stable and satisfactory indoor environment only by natural ventilation during the day. Thus, this paper proposed a control strategy for natural ventilation. In transition season, natural ventilation turns on under the condition that indoor temperature is greater than outdoor temperature. To avoid overly low temperatures caused by natural ventilation, the temperature difference between indoor and outdoor is set to within 10 • C [65] . When the temperature difference between indoor and outdoor exceeds 10 • C, natural ventilation is closed. In summer, the air conditioning system operates during the daytime from 7:00 to 18:00 to guarantee the indoor temperature and thermal comfort, and natural ventilation is turned on from 19:00 to 6:00 to precool the building. In winter, natural ventilation is turned off. According to the monthly effective schedule of natural ventilation (Figure 11 ) and the operation schedule of air conditioning system (Table 6 ), the schedule of natural ventilation is set as shown in Table 8 . In addition, the design standard requires the ventilation rate of comfort air condition shall not be less than 5 ac/h [66] , Therefore, the natural ventilation rate is set to 5 ac/h in DesignBuilder. transition season in Shanghai and Guangzhou, which is because the outdoor temperature during June, July, and August is much higher in the south than that in the north. The occupancy rate of the classroom is high during the day, and it is difficult to maintain a stable and satisfactory indoor environment only by natural ventilation during the day. Thus, this paper proposed a control strategy for natural ventilation. In transition season, natural ventilation turns on under the condition that indoor temperature is greater than outdoor temperature. To avoid overly low temperatures caused by natural ventilation, the temperature difference between indoor and outdoor is set to within 10 °C [65] . When the temperature difference between indoor and outdoor exceeds 10 °C, natural ventilation is closed. In summer, the air conditioning system operates during the daytime from 7:00 to 18:00 to guarantee the indoor temperature and thermal comfort, and natural ventilation is turned on from 19:00 to 6:00 to precool the building. In winter, natural ventilation is turned off. According to the monthly effective schedule of natural ventilation (Figure 11 ) and the operation schedule of air conditioning system (Table 6 ), the schedule of natural ventilation is set as shown in Table 8 . In addition, the design standard requires the ventilation rate of comfort air condition shall not be less than 5 ac/h [66] , Therefore, the natural ventilation rate is set to 5 ac/h in DesignBuilder. The control strategy of natural ventilation proposed in this paper aims at utilizing outdoor air to cool buildings without affecting indoor comfort and achieving building energy conservation. Figure 12 compares the energy consumption in natural ventilation case with base case in four cities. About 12.5% ECR can be achieved by natural ventilation in Guangzhou, 10.6% in Shanghai, 5.9% in Tianjin, and 1.2% in Harbin. The energy-saving effect of natural ventilation in the south is superior to that in the north. It can be found that the actual operation schedule of natural ventilation is longer in the south than that in the north (Table 8) , and the effective schedule of natural ventilation in the The control strategy of natural ventilation proposed in this paper aims at utilizing outdoor air to cool buildings without affecting indoor comfort and achieving building energy conservation. Figure 12 compares the energy consumption in natural ventilation case with base case in four cities. About 12.5% ECR can be achieved by natural ventilation in Guangzhou, 10.6% in Shanghai, 5.9% in Tianjin, and 1.2% in Harbin. The energy-saving effect of natural ventilation in the south is superior to that in the north. It can be found that the actual operation schedule of natural ventilation is longer in the south than that in the north (Table 8) , and the effective schedule of natural ventilation in the south and in the north is different (Figure 11 ). In addition, the running time of air conditioning in educational buildings is short in summer, so the trend of energy-saving potential increases from SC region to HS/WW region. south and in the north is different (Figure 11 ). In addition, the running time of air conditioning in educational buildings is short in summer, so the trend of energy-saving potential increases from SC region to HS/WW region. In this paper, natural ventilation mainly occurs at night in summer and in transition season. The influence of natural ventilation on indoor temperature in four cities is shown in Figure 13a -d. It can be observed that the fluctuation of indoor air temperature is smaller than that without natural ventilation, indicating better indoor temperature environment can be achieved by the control strategy of natural ventilation. Besides, natural ventilation can provide better cooling and ventilation effect in transition season for CC region. For HS/CW region, the indoor air temperature of natural ventilation in transition season is basically the same as the basic model, the reason for which is that the outdoor air relative humidity is too high and the cooling effect is below expectation. However, using natural ventilation in the transition season to provide a large amount of fresh air to the room ensures good air quality. During the air conditioning season, the indoor air temperature of natural ventilation in four cities can be maintained around the thermostat setpoint of 26 °C, which can meet the requirements of human thermal comfort.
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(a) In this paper, natural ventilation mainly occurs at night in summer and in transition season. The influence of natural ventilation on indoor temperature in four cities is shown in Figure 13a -d. It can be observed that the fluctuation of indoor air temperature is smaller than that without natural ventilation, indicating better indoor temperature environment can be achieved by the control strategy of natural ventilation. Besides, natural ventilation can provide better cooling and ventilation effect in transition season for CC region. For HS/CW region, the indoor air temperature of natural ventilation in transition season is basically the same as the basic model, the reason for which is that the outdoor air relative humidity is too high and the cooling effect is below expectation. However, using natural ventilation in the transition season to provide a large amount of fresh air to the room ensures good air quality. During the air conditioning season, the indoor air temperature of natural ventilation in four cities can be maintained around the thermostat setpoint of 26 • C, which can meet the requirements of human thermal comfort. south and in the north is different (Figure 11 ). In addition, the running time of air conditioning in educational buildings is short in summer, so the trend of energy-saving potential increases from SC region to HS/WW region. In this paper, natural ventilation mainly occurs at night in summer and in transition season. The influence of natural ventilation on indoor temperature in four cities is shown in Figure 13a -d. It can be observed that the fluctuation of indoor air temperature is smaller than that without natural ventilation, indicating better indoor temperature environment can be achieved by the control strategy of natural ventilation. Besides, natural ventilation can provide better cooling and ventilation effect in transition season for CC region. For HS/CW region, the indoor air temperature of natural ventilation in transition season is basically the same as the basic model, the reason for which is that the outdoor air relative humidity is too high and the cooling effect is below expectation. However, using natural ventilation in the transition season to provide a large amount of fresh air to the room ensures good air quality. During the air conditioning season, the indoor air temperature of natural ventilation in four cities can be maintained around the thermostat setpoint of 26 °C, which can meet the requirements of human thermal comfort.
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Active Energy-Saving Technologies
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Active Energy-Saving Technologies
Lighting Control Strategy
Architectural designers often lack consideration of the light environment in classrooms. When indoor lighting is poor during the day, they often rely on artificial lighting, therefore, excessive lighting is a common phenomenon in educational buildings [67] , resulting in large lighting energy consumption. Therefore, proper intelligent lighting control system is a crucial measure to reduce lighting energy consumption. The lighting control strategy chosen in this paper is gradual change control, which adjusts the intensity of artificial lighting according to the real-time natural lighting illuminance to make up for the deficiency of natural lighting.
Ecotect Analysis software has advantage in illuminance analysis. Ecotect Analysis combined with Radiance software can simulate the illumination value of specific location and specific time. It can provide detailed results for natural lighting illuminance and is easy to operate, and was chosen in this paper to guide the lighting control strategy design. A typical classroom was selected to establish the Ecotect analysis model, as shown in Figure 14 with Radiance software can simulate the illumination value of specific location and specific time. It can provide detailed results for natural lighting illuminance and is easy to operate, and was chosen in this paper to guide the lighting control strategy design. A typical classroom was selected to establish the Ecotect analysis model, as shown in Figure 14 . The size of the classroom is 12 m × 7.8 m × 4.5 m, the size of the window is 2.25 m × 0.69 m and the height of the window sill is 0.9 m. The indoor natural light illuminance of the classroom should be above 450 lux according to the requirements of "Standard for Daylighting Design of Building (GB 50033-2013)" [68] .
Hourly indoor natural lighting illuminance values and the proportion of the room illuminance meeting 450 lux were analyzed by Ecotect Analysis software and Radiance software, and then the hourly artificial lighting rate could be obtained. In the current design standard, the artificial hourly lighting rate is only given for one working day, and it is believed that the artificial hourly lighting rate is the same every working day. Considering the different solar radiation in different seasons and the workload of calculating the daily illumination value of natural lighting is tremendous and impractical. Therefore, four typical days representing four seasons in China-spring equinox, summer solstice, autumn equinox, and winter solstice-were chosen to analyze the indoor artificial hourly lighting rate. Tables 9-12 show the results of the artificial hourly lighting rate of the working face (0.8 m from the ground) during 8:00 to 17:00 on four typical days in four cities. Then, the artificial hourly lighting rate of four season in DesignBuilder was set according to the artificial hourly lighting rate of corresponding typical daily, respectively. In those conditions, the annual energy consumption of lighting control strategy can be obtained. Hourly indoor natural lighting illuminance values and the proportion of the room illuminance meeting 450 lux were analyzed by Ecotect Analysis software and Radiance software, and then the hourly artificial lighting rate could be obtained. In the current design standard, the artificial hourly lighting rate is only given for one working day, and it is believed that the artificial hourly lighting rate is the same every working day. Considering the different solar radiation in different seasons and the workload of calculating the daily illumination value of natural lighting is tremendous and impractical. Therefore, four typical days representing four seasons in China-spring equinox, summer solstice, autumn equinox, and winter solstice-were chosen to analyze the indoor artificial hourly lighting rate. Tables 9-12 show the results of the artificial hourly lighting rate of the working face (0.8 m from the ground) during 8:00 to 17:00 on four typical days in four cities. Then, the artificial hourly lighting rate of four season in DesignBuilder was set according to the artificial hourly lighting rate of corresponding typical daily, respectively. In those conditions, the annual energy consumption of lighting control strategy can be obtained. The energy-saving effect of lighting control is realized under the interaction of cooling and lighting energy consumption reduction and heating energy consumption increase, which can be explained by the composition mechanism of cooling and heating load. However, the usage characteristics of educational building make the lighting control with greater energy-saving potential. As can be seen in Figure 15 , the ECR of lighting control in four cities is 7.2%, 13.1%, 15.6%, and 10.3%, respectively, and between 13.0 kWh/(m 2 ·a) to 15.6 kWh/(m 2 ·a) lighting energy can be saved by lighting control in four cities. The energy-saving effect of lighting control is realized under the interaction of cooling and lighting energy consumption reduction and heating energy consumption increase, which can be explained by the composition mechanism of cooling and heating load. However, the usage characteristics of educational building make the lighting control with greater energy-saving potential. As can be seen in Figure 15 , the ECR of lighting control in four cities is 7.2%, 13.1%, 15.6%, and 10.3%, respectively, and between 13.0 kWh/(m 2 ·a) to 15.6 kWh/(m 2 ·a) lighting energy can be saved by lighting control in four cities.
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Air-to-Air Heat Recovery Technology
An educational building is a densely populated place with large demands of fresh air, and the energy of fresh air treatment accounts for a large proportion of the total consumption. The air-to-air 
An educational building is a densely populated place with large demands of fresh air, and the energy of fresh air treatment accounts for a large proportion of the total consumption. The air-to-air heat recovery system can reduce heating and cooling demands by recycling waste energy in exhausted air, thereby approaching nearly zero energy consumption [33] . Air-to-air heat recovery ventilation includes sensible heat recovery and total heat recovery [69] . At present, the heat recovery efficiency of general heat recovery devices in China is between 0.45 and 0.85, of which 0.45 is the exchange efficiency that the current products can basically achieve, 0.75 sensible heat recovery efficiency or 0.7 total heat recovery efficiency is the minimum requirement for ultra-low energy consumption buildings, and 0.85 is the upper limit of the exchange efficiency that common energy recovery devices can achieve [61] . Compared with sensible heat recovery, total heat recovery has more energy-saving effect and can reduce frosting risk. This paper further studied the energy savings of total heat recovery with 0.75 exchange efficiency in four cities, and the results can be seen in Figure 16 . The ECR of air-to-air heat recovery system in four cities is 42.9%, 26.9%, 20.4%, and 23.1%, respectively. The energy-saving effect of air-to-air heat recovery system is greatly affected by outdoor meteorological conditions and operating schedule. In the SC and CC regions, long heating time and large indoor and outdoor enthalpy difference contribute to the considerable heat recovery in winter. For HS/CW and HS/WW regions, a large relative humidity of outdoor air is favorable for latent heat recovery.
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Renewable Energy
GSHP has become the most widely used renewable energy system in China's low-energy buildings with the utilization rate reaching 73% [70] . The energy savings advantage of GSHP mainly lies in its high-performance coefficient. However, the determination of the coefficient of performance (COP) of equipment is influenced by many subjective factors, such as the number of device and product manufacturer selected during the design. Moreover, due to different cooling and heating equipment selection schemes, the system performance coefficient (SCOP) will also change greatly. At present, most of the energy-saving research of GSHP are based on the equipment selection under specific conditions to determine its performance coefficient, ignoring the influence of water pump and other factors. This method is often restricted by the actual building characteristics and is not universal. To address this limitation, this paper researched the minimum energy-saving potential of traditional cooling and heating source and GSHP from the perspective of system performance. Specific performance parameters setting of GSHP refer to the standards [53, 55] , and the setting of system performance efficiency of GSHP in DesignBuilder can be seen in Table 13 . Table 13 . System performance efficiency of ground source heat pump (GSHP). 
GSHP has become the most widely used renewable energy system in China's low-energy buildings with the utilization rate reaching 73% [70] . The energy savings advantage of GSHP mainly lies in its high-performance coefficient. However, the determination of the coefficient of performance (COP) of equipment is influenced by many subjective factors, such as the number of device and product manufacturer selected during the design. Moreover, due to different cooling and heating equipment selection schemes, the system performance coefficient (SCOP) will also change greatly. At present, most of the energy-saving research of GSHP are based on the equipment selection under specific conditions to determine its performance coefficient, ignoring the influence of water pump and other factors. This method is often restricted by the actual building characteristics and is not universal. To address this limitation, this paper researched the minimum energy-saving potential of traditional cooling and heating source and GSHP from the perspective of system performance.
Specific performance parameters setting of GSHP refer to the standards [53, 55] , and the setting of system performance efficiency of GSHP in DesignBuilder can be seen in Table 13 . Table 13 . System performance efficiency of ground source heat pump (GSHP).
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Considerable energy can be saved by GSHP in four cities as shown in Figure 17 . GSHP with a high SEER and SCOP has great energy-saving potential to reduce cooling and heating energy consumption, especially in the form of boiler heating in the north of China, 41.2%, and 22.4% primary energy can be saved by GSHP in Harbin and Tianjin. In Shanghai and Guangzhou, the ECR of GSHP is 7.3% and 4.6%, respectively. A high coefficient of performance means that more benefits can be obtained under the same energy input, so further improvement of the SCOP will lead to greater energy savings. However, further optimization of SCOP is not considered in this paper as the SCOP is the combined effect of many factors that are closely related to the actual project. The author believes that compared with only considering the improvement of the performance of heat pump equipment, a more feasible energy conservation scheme is to choose the appropriate efficient equipment in combination with the characteristics of the building, and in order to improve the operating efficiency under partial load ratio, a variable frequency heat pump unit can be selected. On the whole, high-efficiency GSHP is more strongly recommended for building energy conservation. Considerable energy can be saved by GSHP in four cities as shown in Figure 17 . GSHP with a high SEER and SCOP has great energy-saving potential to reduce cooling and heating energy consumption, especially in the form of boiler heating in the north of China, 41.2%, and 22.4% primary energy can be saved by GSHP in Harbin and Tianjin. In Shanghai and Guangzhou, the ECR of GSHP is 7.3% and 4.6%, respectively. A high coefficient of performance means that more benefits can be obtained under the same energy input, so further improvement of the SCOP will lead to greater energy savings. However, further optimization of SCOP is not considered in this paper as the SCOP is the combined effect of many factors that are closely related to the actual project. The author believes that compared with only considering the improvement of the performance of heat pump equipment, a more feasible energy conservation scheme is to choose the appropriate efficient equipment in combination with the characteristics of the building, and in order to improve the operating efficiency under partial load ratio, a variable frequency heat pump unit can be selected. On the whole, highefficiency GSHP is more strongly recommended for building energy conservation.
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Establishment of the Recommended Technology Selection Systems
The ECR of each technology after optimization was obtained from the previous analysis results, as shown in Table 14 . To compare and evaluate the efficiency of each technology in different climatic regions clearly, the ECR of each energy-saving technology is weighted based on Equation (4) as shown in Figure 18 , respectively. 
The ECR of each technology after optimization was obtained from the previous analysis results, as shown in Table 14 . To compare and evaluate the efficiency of each technology in different climatic regions clearly, the ECR of each energy-saving technology is weighted based on Equation (4) as shown in Figure 18 , respectively. As can be seen in Figure 18 , the priority order of energy-saving technologies in four climatic regions can be formed as follows.
1) SC region: Air-to-air heat recovery > GSHP > High-performance envelope > Lighting control > Natural ventilation > Shading. 2) CC region: Air-to-air heat recovery > GSHP > Lighting control > High-performance envelope > Natural ventilation > Shading. 3) HS/CW region: Air-to-air heat recovery > Lighting control > Natural ventilation > GSHP > Shading > High-performance envelope. 4) HS/WW region: Air-to-air heat recovery > Natural ventilation > Lighting control > GSHP > Shading > High-performance envelope. It can be concluded that in SC and CC regions, the ranking of energy-saving technologies is almost the same, due to the fact that natural ventilation and shading are mainly used for cooling energy consumption reduction and the operation schedule of air conditioning system for educational buildings is shorter than for other types of buildings. Therefore, the energy-saving potential of natural ventilation and shading in heating energy consumption-dominated climatic regions is not obvious compared with other technologies. In HS/CW and HS/WW regions, the ranking is also almost identical. Natural ventilation has a decent energy-saving effect compared with in SC and CC regions, which is because the effective schedule of natural ventilation in the south is longer than that in the north. Nevertheless, high-performance envelope is an unfavorable factor for heat dissipation due to high outdoor temperatures during the summer in HS/CW and HS/WW regions. Hence, this technology plays little role or even causes opposite trends in energy savings in southern cities.
Building total energy saving is by no means the sum of energy conservation by every single As can be seen in Figure 18 , the priority order of energy-saving technologies in four climatic regions can be formed as follows.
(1) SC region: Air-to-air heat recovery > GSHP > High-performance envelope > Lighting control > Natural ventilation > Shading. It can be concluded that in SC and CC regions, the ranking of energy-saving technologies is almost the same, due to the fact that natural ventilation and shading are mainly used for cooling energy consumption reduction and the operation schedule of air conditioning system for educational buildings is shorter than for other types of buildings. Therefore, the energy-saving potential of natural ventilation and shading in heating energy consumption-dominated climatic regions is not obvious compared with other technologies. In HS/CW and HS/WW regions, the ranking is also almost identical. Natural ventilation has a decent energy-saving effect compared with in SC and CC regions, which is because the effective schedule of natural ventilation in the south is longer than that in the north. Nevertheless, high-performance envelope is an unfavorable factor for heat dissipation due to high outdoor temperatures during the summer in HS/CW and HS/WW regions. Hence, this technology plays little role or even causes opposite trends in energy savings in southern cities.
Building total energy saving is by no means the sum of energy conservation by every single technology. Therefore, an integrated solution was proposed to explore the total energy-saving potential. Considering that technical measures with low ECR will lead to poor economy, technologies with a weight of less than 1% of ECR will not be adopted. Therefore, shading is not considered in the SC region and high-performance envelope with counter action is not recommended in the HS/WW region, and the final combination of energy-saving technologies and indicators in the four basic cases are listed in Table 15 . Compared with the reference model, the results of the integrated design scheme of technologies showed that the energy-saving effect is quite remarkable (Figure 19) . A total energy-saving rate of 70.7% can be improved in SC region compared with GB 50189-2015, about 60.0% in CC region, 46.7% in HS/CW region, and 40.9% in HS/WW region. The required total energy-saving rate of public buildings in China is 60%-75% on the basis of the attainable standards in 2016, reaching the requirement of nZEB [5] . Therefore, recommended selection techniques for SC and CC regions in this paper can reach the level of nZEBs. However, for HS/CW and HS/WW regions, there is still a gap regarding the requirements of nZEBs. According to the design strategy for nZEBs, the remaining energy needs can be realized by using other renewable technologies [11, 33] . Solar power has gained wider implementation in nZEB due to its accessibility and easy integration with existing building systems [34] , while rooftop PV modules have great potential to become the primary way of harnessing solar energy, reducing the additional energy demand by generating electricity, which is clearly the biggest beneficiary [71] , and generating electricity for educational buildings that can be used directly for the classroom and corridor lighting. Combined with this case study, a brief discussion on the possibility of realizing nZEB in HS/CW and HS/WW regions by combining PV technology is conducted. According to literature [64] , the solar radiation in HS/CW and HS/WW regions is about 1400 kWh/m 2 , and it is supposed that the solar PV modules can convert 16% of solar radiation into electricity [33] . To achieve the total energy-saving rate of 60%, the required area of PV modules is 186 m 2 for HS/CW region and 384 m 2 for HS/WW region. 
Discussion
The purpose of this paper is to further optimize various energy-saving technologies on the basis of the current national design standard. Therefore, the conclusions and methods of this study can provide a reference and guidance for the energy-saving reconstruction and design for highperformance educational buildings.
Apart from energy-saving efficiency, the performance of thermal comfort on nZEBs should be another crucial concern. The predicted mean vote (PMV) and predicted percentage dissatisfied (PPD) have been widely recognized as comfort evaluation indexes for indoor thermal comfort. There are two kinds of patterns widely adopted for dealing with indoor thermal comfort. One is considering the comfortable indoor environment as a precondition in energy efficient buildings, and the other is taking the indoor air quality as an influencing factor of building energy consumption and exploring the quantitative relationship [14] . In this paper, natural ventilation mainly occurs at night in summer or in transition season. The detailed analysis results of natural ventilation have been discussed in Section 3.1.3, in which it was demonstrated that natural ventilation ensures smaller indoor air temperature fluctuations and can meet the requirement of human thermal comfort. Moreover, the study of energy-saving technologies in this paper were in conformity with the first pattern, which takes comfortable indoor parameters as fixed values ( Table 1 ). The setpoint of indoor temperature in the room is 26 °C in summer and 20 °C in winter, and can achieve the comfort indexes of PMV ≤ 0.5 and PPD ≤ 20% [14] . Therefore, energy savings of these technologies would not compromise thermal comfort.
In this paper, various energy-saving technologies for nZEEBs are mainly evaluated from the perspective of energy-saving performance, and economic benefits were not considered. Future work can consider the combination of energy-saving and economic factors, optimize various energy-saving technologies, and achieve the goal of nZEEBs under different climatic conditions in China.
Conclusions
This paper presents optimization research on various commonly used energy-saving technologies for educational buildings, including passive, active, and renewable technologies. An educational building was selected as a case study to optimize various design variables. An evaluation index of ECR was proposed to measure the energy-saving potential of each technology, and the combination schemes of high-efficient technologies were discussed. Finally, four recommended According to the above analysis, four recommended technology selection systems corresponding to four climatic regions, respectively, can be established for nZEEBs in China. In the SC region, the recommended technology selection system involves air-to-air heat recovery, GSHP, high-performance envelope, lighting control and natural ventilation. In the CC region, educational buildings with air-to-air heat recovery, GSHP, high-performance envelope, lighting control, natural ventilation, and shading will prove efficient enough for achieving the goal of being nZEEB. In HS/CW region, air-to-air heat recovery, lighting control, natural ventilation, GSHP, shading, high-performance envelope and PV should be considered. In SH/WW region, a combination of air-to-air heat recovery, lighting control, natural ventilation, GSHP, shading, and PV are the essential technologies of the system for achieving nZEEBs.
Discussion
The purpose of this paper is to further optimize various energy-saving technologies on the basis of the current national design standard. Therefore, the conclusions and methods of this study can provide a reference and guidance for the energy-saving reconstruction and design for high-performance educational buildings.
Apart from energy-saving efficiency, the performance of thermal comfort on nZEBs should be another crucial concern. The predicted mean vote (PMV) and predicted percentage dissatisfied (PPD) have been widely recognized as comfort evaluation indexes for indoor thermal comfort. There are two kinds of patterns widely adopted for dealing with indoor thermal comfort. One is considering the comfortable indoor environment as a precondition in energy efficient buildings, and the other is taking the indoor air quality as an influencing factor of building energy consumption and exploring the quantitative relationship [14] . In this paper, natural ventilation mainly occurs at night in summer or in transition season. The detailed analysis results of natural ventilation have been discussed in Section 3.1.3, in which it was demonstrated that natural ventilation ensures smaller indoor air temperature fluctuations and can meet the requirement of human thermal comfort. Moreover, the study of energy-saving technologies in this paper were in conformity with the first pattern, which takes comfortable indoor parameters as fixed values ( Table 1 ). The setpoint of indoor temperature in the room is 26 • C in summer and 20 • C in winter, and can achieve the comfort indexes of PMV ≤ 0.5 and PPD ≤ 20% [14] . Therefore, energy savings of these technologies would not compromise thermal comfort.
Conclusions
This paper presents optimization research on various commonly used energy-saving technologies for educational buildings, including passive, active, and renewable technologies. An educational building was selected as a case study to optimize various design variables. An evaluation index of ECR was proposed to measure the energy-saving potential of each technology, and the combination schemes of high-efficient technologies were discussed. Finally, four recommended technology selection systems corresponding to four major climatic regions, respectively, are established for achieving nZEEB. The main findings of this study are summarized as follows.
After simulation, it can be concluded that for the SC region, the maximum energy-saving technology was air-to-air heat recovery, and the ECR can reach 42.9%, followed by GSHP technology with 41.2%, and the ECR of high-performance envelope and lighting control were 11.3% and 7.2%, respectively. The energy-saving effect of natural ventilation and shading were relatively low, only 1.2% and 0.4%, respectively. For CC region, the ECR of air-to-air heat recovery was 26.9%, GSHP was 22.4%, lighting control was 13.1%, high-performance envelope was 8.9%, natural ventilation was 5.9%, and shading was 0.8%. From the above, it can be concluded that the technical route of energy-saving in SC and CC regions is almost the same. For HS/CW region, the maximum ECR was 20.4% of air-to-air heat recovery, followed by lighting control at 15.6%, and the ECR of natural ventilation and shading were larger than that in SC and CC regions, which were 10.6% and 3.2% respectively. The lowest ECR was 1.8% of high-performance envelope, and for HS/WW region, the ECR of air-to-air heat recovery was 23.1%, natural ventilation was 12.5%, lighting control was 10.3%, GSHP was 4.6%, and shading was 4.1%. According to the ECR of various technologies in HS/CW and HS/WW regions, it can be concluded that the technical route of energy saving is also almost same in these two climate regions.
The priority order of energy-saving technologies in four climatic regions can be formed as follows.
(1) SC region: Air-to-air heat recovery > GSHP > High-performance envelope > Lighting control > Natural ventilation > Shading. (2) CC region: Air-to-air heat recovery > GSHP > Lighting control > High-performance envelope > Natural ventilation > Shading. (3) HS/CW region: Air-to-air heat recovery > Lighting control > Natural ventilation > GSHP > Shading > High-performance envelope. (4) HS/WW region: Air-to-air heat recovery > Natural ventilation > Lighting control > GSHP > Shading > High-performance envelope.
Based on the case study, the ECR and priority of each technology in relation to the conditions in each climatic region were obtained, and recommended selection technologies with higher energy efficiency are applied together to base cases. The results showed that in SC region, the total energy-saving rate can increase by 70.7% compared to existing national standard (GB 50189-2015, etc.). In CC region, about 60.0% improvement in total energy-saving rate can be achieved by implementing the recommended technology selection system established for CC region. In HS/CW region as well as HS/WW region, the recommended combination of technologies augmented with PV technology could achieve 60% total energy-saving rate and reach nZEEB level.
According to the energy-saving requirements of nZEBs, the recommended technology selection system for each climatic region has been established. In SC region, the recommended technology selection system includes air-to-air heat recovery, GSHP, high-performance envelope, lighting control and natural ventilation. In CC region, educational buildings with air-to-air heat recovery, GSHP, high-performance envelope, lighting control, natural ventilation, and shading are efficient enough to realize nZEEB. In HS/CW region, air-to-air heat recovery, lighting control, natural ventilation, GSHP, shading, high-performance envelope and PV should be considered together. In HS/WW region, combining air-to-air heat recovery, lighting control, natural ventilation, GSHP, shading and PV are essential for achieving high-performance nZEEB. 
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